Introduction
Biosensors are required to measure small amounts of physiological elements in complicated samples. For fabricating miniaturized, multifunctional devices, the technology should laminate several patterns in a small space, consume little solution, and ensure a short processing time.
Several technologies are currently available, including inkjet printing, screen printing, and photolithography. They have the advantages of precision, speed, and low cost. A screen printer uses paste, which is forced through a mesh screen, to print an image on a surface. There is a resolution limitation when printing a small, precise device using screen printing because of the high viscosity of the paste. Current lithographical techniques have much better pattern accuracy and resolution than inkjet printing. Nonetheless, the simplicity, arbitrary geometries, low cost, and flexibility of inkjet printing make it highly attractive for fabrication of miniaturized biosensors. Two commonly used inkjet systems are thermal and piezoelectric. In both systems, an acoustic pulse ejects ink droplets through a nozzle. Recently, glucose sensors fabricated by thermal inkjet printing were reported. 1, 2 In a thermal inkjet printer, a vapor bubble that ejects an ink droplet is formed by local heating at a temperature around 300 C.
Piezoelectric inkjet printing has an advantage with respect to biological inks because the temperature inside and surrounding the nozzle can be easily controlled. The transformation of piezoelectric material causes volume variation and, therefore, generates an acoustic pulse. Any enzyme in water or other solvents can be used for ink material. Piezoelectric inkjet printing can eject a small droplet of only a few pico-liters. The ink viscosity is much lower than that of the screen paste. Polymers can be deposited in a desired location on any surface, such as film, glass, and metal. With the aid of computational topology design (CTD), inkjet printing of polymers can fabricate complex shapes with features in the micron ranges. [3] [4] [5] Indeed, inkjet printing is a powerful non-contact, non-destructive rapid prototyping technique. Inkjet printing has been extensively studied for fabrication of electronic devices, such as all-polymer transistors 6, 7 and organic light emitting diodes (OLEDs). 4 Recently, inkjet printing has been applied to various biomedical fields, such as cell patterning, tissue engineering, biosensors and biochips. [8] [9] [10] [11] Glucose sensing is one of the most well-known biosensor applications and is an active area of research because of its importance for diagnosis and medical care of diabetes, which is the most common chronic disease, accounting for 10% of the world's population of sick people. Electrochemical glucose sensors have attracted continuous interest due to their intrinsic high sensitivity. quantification is generally performed by measuring a change in current, associated with the oxidation of hydrogen peroxide. Recently, bienzymatic (oxidase and peroxidase) glucose sensors have been developed, exhibiting improved characteristics. 16, 17 In such a system, hydrogen peroxide is subsequently reduced by peroxidase.
Conducting polymers have attracted much interest not only as a suitable matrix for the entrapment of enzymes, but also as an efficient electron transfer medium. They are known to be compatible with biological enzymes in aqueous milieu and to have the ability to efficiently transfer electric charge produced by the electrochemical reaction to an electric circuit. Moreover, a conducting polymer can be deposited over defined areas of electrodes. The unique properties of conducting polymers have been exploited for the fabrication of electrochemical biosensors. 18 In this study, by integrating the advantageous characteristics of piezoelectric inkjet printing, bienzymatic systems, and conducting polymers, a glucose sensor prototype was constructed. The bioelectrical ink containing glucose oxidase (GOD), horseradish peroxidase (HRP), and poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonic acid) (PEDOT-PSS) was inkjet-printed on an indium-tin-oxide (ITO) coated poly(ethylene terephthalate) (PET) film. Responses to different glucose concentrations were investigated by cyclic voltammetry and chronoamperometry.
Experimental

Materials
An aqueous dispersion of PEDOT-PSS (1.3 g/dL) was purchased from H. C. Stark GmbH (Goslar, Germany). A GOD/HRP reagent kit (Product Code G 3660), ITO-coated PET film (surface resistivity 35 Ω/cm 2 ), ferrocenemethanol (FcMeOH), glucose (dextrose anhydrous), cellulose acetate (CA, Mr 29000), were purchased from Sigma (St. Louis, MO). Other chemicals were of analytical grade and were used as received.
Bioelectrical ink preparation
Five hyndred units of GOD and 100 units of HRP were dissolved in 40 mL of deionized water. One milliliter of enzyme solution was mixed with 1 mL PEDOT-PSS dispersion in water. The mixture (PEDOT-PSS/GOD/HRP) was passed through a 0.2-μm syringe filter to remove dust. The bioelectrical ink was stored in a refrigerator and used within a week.
Glucose sensor fabrication
Printing was conducted on a piezoelectric drop-on-demand (DOD) inkjet printer (Dimatix Materials Printer DMP-2800, Dimatix Inc., Santa Clara, CA). The PEDOT-PSS/GOD/HRP ink was charged in a cartridge that has 16 nozzles linearly spaced at 254 μm with a typical drop volume of 10 pL. The temperature of the head and plate was set to 28 C. The firing voltage and frequency varied over a range of 25 -40 V and 3 kHz, respectively. The inkjet-printed glucose sensors were dip-coated in a 3 g/dL cellulose acetate solution in THF/acetone (60/40, v/v).
Electrochemical measurements
Electrochemical measurements were performed with a VersaSTAT 3 potentiostat/galvanostat (Princeton Applied Research, Oak Ridge, TN) interfaced with a personal computer. A three electrode cell geometry was used in cyclic voltammetric and chronoamperometric experiments. The counter electrode was a Pt wire, the reference electrode was Ag/AgCl, and the printed glucose sensor was used as the working electrode. The responses of the working electrode were measured by cyclic voltammetry, dipping the electrode in 50 mL of a stirred PBS (0.1 M) in the presence of 1.08 mg FcMeOH (0.1 mM) at applied potentials ranging from -0.20 to +0.80 V, with a scan rate of 0.05 V/s. Before the addition of glucose solution, the background current was allowed to decay to a steady-state value. Chronoamperometry was conducted at an applied potential of +0.30 V.
Results and Discussion
Glucose sensor fabrication by piezoelectric inkjet printing
The essential parameters in bioelectrical ink formulation for piezoelectric inkjet printing are solvent, ink materials, and their composition. Ink materials are selected based on the function of the device. In this study, bienzymes, GOD and HRP were selected as functional ink materials for glucose sensing. PEDOT-PSS, a conducting polymer with excellent redox properties, was added to the bio-ink formulation as a matrix entrapping GOD and HRP. To maintain the enzymatic activity, water was used as a solvent for the bioelectrical ink. schematically represents a diagram of the present piezoelectric inkjet printing system. Table 1 shows components and physical properties of the bioelectrical ink. The inkjet printability is determined by a number of physical properties, such as viscosity, surface tension, and contact angle. 3, 10, 19, 20 Ink viscosity should be below 20 cps, ideally 10 cps, in a piezoelectric inkjet printing system because the jetting force generated by an inkjet printer is limited. 21 The viscosity of PEDOT-PSS/GOD/HRP ink was 4.6 cps, low enough for inkjet printing. Surface tension is responsible for spherical liquid drops emerging from nozzles, which should be high enough to prevent dripping of the ink from the nozzle. The minimum surface tension is about 30 mN/m. 3, 19 The surface tension of the bioelectrical ink was 71 mN/m, high enough for inkjet printing. The contact angle value of PEDOT-PSS/GOD/HRP ink on an ITO-coated PET film was 89 , indicating that the ink has appropriate wettability for the substrate. Drop ejection from a nozzle was monitored by a CCD camera equipped with an LED light, as shown in Fig. 2 . The appropriate firing voltage and frequency were optimized to be 25 -40 V and 3 kHz, respectively, through systematic studies under various conditions. Nozzles were maintained at 28 C.
In an aqueous environment, a partial dissolution of PEDOT-PSS/GOD/HRP may occur, making the device not suitable for measurements or practical use. Therefore, a water-resistant, selectively permeable membrane was used to cover the whole device, by means of dip-coating the inkjet printed area in a cellulose acetate solution. The cellulose acetate membrane formed a semi-permeable layer to allow the diffusion of FcMeOH into the printed glucose sensor and to keep the GOD and HRP inside the printed glucose sensor. A cellulose acetate membrane with adequate porosity has been widely used as a protective or selective coating material for a number of biological applications. The cellulose acetate coating was effective as a protective layer for GOD-based glucose sensors.
1,2,22
Figure 3(a) shows a photograph of the glucose sensor fabricated by a piezoelectric inkjet printer. The dark square is the sensor, which was printed with the PEDOT-PSS/GOD/HRP ink and dip-coated with a cellulose acetate solution. Figure 3(b) shows the surface of the ITO-coated PET film, which was covered with a cellulose acetate membrane. The cellulose acetate-coated surface was quite homogeneous. Figure 3(c) shows the inkjet-printed PEDOT-PSS/GOD/HRP surface, which was also covered with a cellulose acetate membrane. The height difference between the two regions in Fig. 3(c) indicates that the thickness of the printed PEDOT-PSS/GOD/HRP is about 2.0 μm.
Electrochemical characterization
The substrate glucose and the natural co-substrate O2 react with GOD, which produces gluconolacton and H2O2, where GODox and GODred are the oxidized and reduced forms of GOD. 17, 23 Glucose + GODox → Gluconolacton + GODred (1)
The hydrogen peroxide then serves as substrate for HRP, which is, in turn, reduced by the redox mediator FcMeOH, 24 where HRPox and HRPred are the oxidized and reduced forms of HRP. Then the oxidized mediator [FcMeOH] + is electrochemically reduced at the electrode surface.
2[FcMeOH]
+ + 2e -→ 2FcMeOH (5) Two different glucose sensors were prepared, with or without PEDOT-PSS, and their electrochemical characteristics were investigated by cyclic voltammetry, as shown in Fig. 4 . The cyclic voltammograms of the glucose sensors were obtained in a potential range of -0.2 to +0.8 V, in a range of glucose concentration of 0 to 1.55 mM, at a scan rate of 0.05 V s -1 . In a GOD/HRP printed sensor, FcMeOH serves as an electron mediator to shuttle electrons from the redox center of HRP to the working electrode. The anodic peak and the cathode peak appeared at about +0.50 V and +0.00 V, respectively (Fig. 4(a) ). As can be clearly seen, the corresponding peak current density values increased steadily according to glucose concentration. The peak current densities at 1.55 mM glucose were around +9 and -11 μA/cm 2 , respectively. PEDOT-PSS has a number of favorable electrochemical properties, including high electrical conductivity and low ionization potential, as well as direct and easy deposition on a sensor electrode. 25, 26 Figure 4(b) shows that the PEDOT-PSS/GOD/HRP printed sensor exhibited better bioelectrical response to glucose concentration. The peak current response to glucose was approximately 1.5 times more sensitive than the GOD/HRP printed sensor without the conducting polymer. These observations suggest that the PEDOT-PSS could facilitate electron transfer between the enzymes and the electrode surface. Second reduction peaks observed in both figures at the range of 0.3 to 0.4 V might represent the reduction reaction on pure ITO surface, because the printed PEDOT-PSS/GOD/HRP layers had porous structures allowing the penetration of electrolytes to contact the ITO directly.
Responses of the PEDOT-PSS/GOD/HRP printed sensor to glucose were studied by chronoamperometry. Figure 5(a) shows a typical response curve on injection of glucose to stirring PBS in the presence of FcMeOH at +0.30 V of applied potential. The PEDOT-PSS/GOD/HRP printed sensor responded rapidly to the addition of glucose. The sensor reached steady-state current density within 3 s. The calibration curve in Fig. 5(b) shows a linear range for the concentration of glucose from 0.59 M to 1.44 mM with a correlation coefficient (R 2 ) of 0.898. The detection limit was calculated to be 270 μM when the signal to noise ratio was 3. The sensitivity calculated from the calibration curve was 20.5 μA cm -2 mM -1 , which is an about 38-fold augmentation over the HRP-based, thermal inkjet printed glucose sensor (0.54 μA cm -2 mM -1 ). 2 The higher sensitivity, compared to the glucose sensors fabricated by other methods, 1, [27] [28] [29] may be attributed to the combination of the advantageous features of bienzymatic sensing and conducting polymers with piezoelectric inkjet printing. Bienzymatic glucose sensing systems have shown much higher sensitivity when compared to monoenzymatic ones. 16, 17, 30 Conducting polymers have improved the sensitivity of a wide variety of sensors due to their excellent electrical conductivity or charge transfer properties. 25 Piezoelectric inkjet printing, which can work at mild temperatures, has a critical advantage for fabrication of biosensors, because most biological macromolecules are highly susceptible to changes in environmental conditions, such as temperature. The apparent Michaelis-Menten constant (KM) was calculated according to the method suggested in the literature. 30, 31 The Lineweaver-Burk plot, the relationship between 1/current and 1/glucose concentration, is shown in Fig. 5(c) . The KM value of the PEDOT-PSS/GOD/HRP sensor was 6.36 mM. Because the Machaelis-Menten constant is inversely proportional to the affinity of the enzyme to the substrate, the low KM value indicates that the PEDOT-PSS/GOD/HRP printed sensor possesses a biological affinity to glucose. 
Conclusions
This study has explored the feasibility of piezoelectric inkjet printing for fabrication of bienzymatic glucose sensors. The aqueous bioink containing PEDOT-PSS, GOD, and HRP was prepared and printed on ITO-coated PET films. The inkjet processing variables were optimized through systematic studies under various conditions. The inkjet-printed glucose sensor responded quickly, within 3 s, and exhibited a linear dose-dependent electrochemical response with high sensitivity to the addition of glucose. Overall results imply that the glucose sensor with high sensitivity could be readily printed by a piezoelectric drop-on-demand (DOD) inkjet system. The methodology adopted in the present study could have broad utility in biosensors, particularly those requiring high-density integration and miniaturization.
